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Introduction {#s1}
============

In polyglutamine (pQ) diseases, the gene transcription machinery required for proper neuronal function is impaired, and this may result from the sequestration of essential proteins for transcription [@pone.0111277-Boutell1]--[@pone.0111277-Nucifora1] and/or the abnormal hypo-acetylation of the genome [@pone.0111277-SadriVakili1]. The up-regulation of transcription by histone deacetylase (HDAC) inhibitors was shown to be an effective treatment in a fly model of pQ disease [@pone.0111277-Steffan2]. Since then, multiple studies have shown that HDAC inhibitors ameliorate symptoms and pathology in various models of Huntington's disease (HD), one of the major pQ diseases [@pone.0111277-Ferrante1]--[@pone.0111277-Mielcarek1]. However, broad-spectrum HDAC inhibitors used in these studies have multiple targets and should therefore be avoided for therapeutic purposes. Indeed, considering that the inhibition of HDAC6 has a negative effect on pQ degradation [@pone.0111277-Iwata1], caution is needed when interpreting data from these broad-spectrum inhibitor studies. Moreover, these broad-spectrum inhibitors are not suitable for use as actual medicines to be administered to human subjects because of the potential for unwanted side effects.

There are four classes of HDACs and among them, class I or IIa HDACs have been previously suggested as therapeutic targets for pQ diseases [@pone.0111277-Kazantsev1]. Classes I and IIa each contain four HDACs, and in order to narrow down the therapeutic target, various studies using specific inhibitors or genetic ablation strategies have been performed. The results seem to consistently show that inhibition of HDAC1, 2, or 4 leads to some improvement [@pone.0111277-Mielcarek1], [@pone.0111277-Thomas1]--[@pone.0111277-Jia1] and inhibition of HDAC6 or 7 has no effect, at least at doses that can be administered without any negative effects in animal models [@pone.0111277-Benn1], [@pone.0111277-Bobrowska1]. The results for HDAC3 inhibition are mixed. While one study using a specific HDAC3 inhibitor showed phenotypic improvement in a fly model [@pone.0111277-Jia1], another study showed no effect in the offspring of crossbred HDAC3 knockout and HD model mice [@pone.0111277-Moumne1]. One possibility for this discrepancy is that the HDAC3 inhibitor used in the first study was not specific enough and that the observed improvement was a result of the inhibition of other HDACs. In addition, it is possible that the genetic ablation in the second study did not achieve enough inhibition since the study was performed using hemi-zygote HDAC3 knockout mice because the full knockout resulted in embryonic lethality.

Another possible cause of this discrepancy is that unlike HDAC1 or 2, which only functions at the nucleus, HDAC3 can shuttle between the cytoplasm and the nucleus where it can have different roles. Therefore, the effect of HDAC3 inhibition on HD models can depend on the balance of nuclear vs. cytoplasmic aggregates. In the case of pQ diseases, nuclear aggregates exhibit a far higher toxicity than cytoplasmic aggregates [@pone.0111277-Katsuno1], [@pone.0111277-Klement1] and there are cellular machineries that can only facilitate aggregate degradation in either the cytoplasm or in the nucleus [@pone.0111277-Iwata2], [@pone.0111277-Iwata3]. Inhibitors against proteins that shuttle between the cytoplasm and the nucleus might have a differential effect on aggregate degradation in different cellular compartments.

To overcome these issues, we utilized highly specific HDAC3 inhibitors made by a click chemistry-based combinatorial fragment assembly technique ([Table S1](#pone.0111277.s006){ref-type="supplementary-material"}) [@pone.0111277-Suzuki1]. These HDAC3 inhibitors have an IC50 for HDAC3 that is at least 100-fold higher than that for other HDACs. By utilizing these reagents, we used cell lines that stably express pQ aggregates in different cellular compartments [@pone.0111277-Iwata3] to precisely analyze the role of HDAC3. Here, we show that these specific HDAC3 inhibitors affect cytoplasmic and nuclear huntingtin (Htt) aggregates differently. Moreover, the presence of intracellular aggregates also affected HDAC3 activity, indicating that HDAC3 could be an indirect regulator of proteasome function.

Materials and Methods {#s2}
=====================

Cell culture and transfection of mammalian cells {#s2a}
------------------------------------------------

HeLa and 293T cells were grown in 95% air and 5% CO~2~ at 37°C. Cells were transfected with plasmids using Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) following the manufacturer's protocol. The transfection efficiency was 60--75% for HeLa cells and \>90% for 293T cells.

Cell viability assay {#s2b}
--------------------

Cells were incubated with CellTiter 96 Aqueous solution for an hour and absorbance at 490 nm was measured by the Spectra Max 384 Plus colorimetric plate reader (Molecular Devices, Sunnyvale, CA, USA).

Filter trap assay {#s2c}
-----------------

The filter trap assay was performed as previously described [@pone.0111277-Iwata1].

HDAC3 constructs {#s2d}
----------------

HDAC3 cDNA was cloned from a cDNA library with oligonucleotide primers 5′ -CATGGCCAAGACCGTG- 3′ and 5′ -AAAGAAATTCCTTGGGACACA-3′. The HDAC3 knockdown construct was made with oligonucleotide primers, 5′- GATCCCCGATGCTGAACCATGCACCTTTCAAGAGAAGGTGCATGGTTCAGCATCTTTTTA-3′ and 5′- AGCTTAAAAAGATGCTGAACCATGCACCTTCTCTTGAAAGGTGCATGGTTCAGCATCGGG-3′ and was inserted into the pSuper vector (Oligoengine, Seattle, WA, USA). HDAC3 inactive mutants were PCR generated with oligonucleotide primers 5′ -TCGGGTGCTCTACATTGCCATTGCCATCCACCATGGTGA-3′ and 5′ -TCACCATGGTGGATGGCAATGGCAATGTAGAGCACCCGA-3′.

HDAC3 inhibitors {#s2e}
----------------

Details about HDAC3 inhibitors T130, T247, and T326 were previously published [@pone.0111277-Suzuki1]. Trichostatin A and suberoylanilide hydroxamic acid (SAHA) were purchased from Sigma Aldrich (St. Louis, MO, USA).

HDAC activity assay {#s2f}
-------------------

Pan-HDAC activity was assayed using the Flour-de-lys HDAC assay kit (Enzo Life Sciences, Farmingdale, NY, USA). The fluorometric assay was performed using the Spectramax Gemini XS (Molecular Devices) with an excitation wavelength of 360 nm and emission at 460 nm. HDAC3 activity was assayed using the HDAC3 activity assay kit (Sigma Aldrich) with excitation at 380 nm and emission at 500 nm.

Image quantitation {#s2g}
------------------

Western blot images were obtained using a LAS 3000 Mini (Fujifilm, Tokyo, Japan). Digital images were analyzed by Multi Gauge software (Fujifilm).

Immunoprecipitation and GST pull down analysis {#s2h}
----------------------------------------------

To prepare lysates for immunoprecipitation, cells were sonicated in 50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP40, 1 mM ethylenediaminetetraacetic acid (EDTA), and Complete protease inhibitor cocktail (Roche, Basel, Switzerland) and centrifuged at 20,000×g for 15 min. Lysates were incubated with 1 µg of anti-FLAG M2 antibody immobilized agarose beads (Sigma) for 4 h at 4°C and washed for four times with lysis buffer and subjected to SDS-PAGE and Western blot analysis. For the glutathione S-transferase (GST) pull-down assay, cells were lysed in 20 mM HEPES, pH 7.5, 100 mM NaCl, 0.1% Triton X-100, 10% glycerol, and Complete protease inhibitor cocktail (Roche). GST or GST-HDAC3 (500 ng) was mixed with glutathione sepharose beads (Amersham Biosciences, Uppsala, Sweden) and incubated with the lysates for 2 h at 4°C. Beads were washed four times with the lysis buffer and subjected to SDS-PAGE and Western blot analysis.

Microscopic imaging {#s2i}
-------------------

Cells were fixed with 4% paraformaldehyde and a standard immunocytochemistry procedure was performed. Visualization of the primary anti-HDAC3 antibody (Imgenex, San Diego, CA, USA). was done with the Alexa 546 secondary antibodies (Life Technologies). Nucleus was visualized by Hoechst 33258 (Sigma Aldrich). Images were obtained using an Axioplan 2 fluorescent microscope and Axiocam HRc CCD camera system (Zeiss, Göttingen, Germany).

Proteasome activity assay {#s2j}
-------------------------

Proteasome activity was measured using a 20S Proteasome Activity Assay Kit (Merck, Darmstadt, Germany) following the manufacturer's protocol. The fluorometric assay was performed using a Spectramax Gemini XS (Molecular Devices) with an excitation wavelength of 380 nm and emission at 460 nm.

Proteasome purification {#s2k}
-----------------------

Proteasomes were purified using the Proteasome purification kit (Enzo Life Sciences) following the manufacturer's instructions.

Quantitative PCR {#s2l}
----------------

Total RNA was extracted with TRIzol (Life Technologies) and cDNA was generated by ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Quantitative PCR (qPCR) was performed with the HT-7900 system (Applied Biosystems, Foster City, CA, USA). For qPCR, the probe set Mr04097229_mr was used to measure EGFP mRNA, and HuGAPDH and HuACTB (Applied Biosystems) were used as internal controls.

SDS-PAGE and western blot {#s2m}
-------------------------

Samples were incubated at 60°C in 4×LDS buffer (Life Technologies) for 15 min and subjected to SDS-PAGE with Mini-PROTEAN TGX gels (Bio-RAD, Hercules, CA, USA) and transferred to PVDF membrane with the Trans-Blot Turbo Blotting System and Trans-Blot Turbo Transfer Pack (Bio-RAD). For the primary antibodies, Anti-GFP (Roche), anti-20S proteasome antibody (Abcam, Cambridge, UK), anti-actin antibody (Millipore, Billerica, MA, USA), anti-FLAG antibody (Sigma Aldrich), anti-HDAC3 antibody (Abcam and Imgenex, San Diego, CA, USA), anti-GST antibody (Millipore), anti-HSP90 antibody (Millipore), anti-SP1 antibody (Millipore), anti-acetylated lysine antibody (Cell Signaling, Boston, MA, USA), anti-HSP70 antibody (StressMarq, Victoria, BC, Canada) were used.

Stable cell lines {#s2n}
-----------------

Stable HeLa cell lines expressing green fluorescent protein (GFP) fused to huntingtin exon-1 (Htt-ex1) with a nuclear export signal (NES), or nuclear localization signal (NLS) was previously published [@pone.0111277-Iwata3]. Cells with NES and CAG repeat lengths of 25, 47, and 72 were named E1, E2, E3, respectively, and cells with NLS were designated N1, N2, and N3, respectively. Cells without any localizing signals were named C1, C2, C3, and C4 with their CAG repeat lengths in ascending order ([Table S2](#pone.0111277.s007){ref-type="supplementary-material"}). The expressed protein sequence of Htt exon-1 (Htt-ex1) was "MATLEKLMKAFESLKSF(Q)~n~PPPPPPPPPPPQLPQPPPQAQPLLPQPQPPPPPPPPPPGPAVAEEPLHRP" which was followed by an EGFP sequence.

Statistical analysis {#s2o}
--------------------

Statistical analysis was performed using the GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). The significance was tested with t-tests or ANOVA with Dunnett's multiple comparisons.

Subcellular fractionation {#s2p}
-------------------------

Cytoplasmic and nuclear fractions were extracted using NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Rockford, IL, USA).

Results {#s3}
=======

HDAC3-specific inhibitors affect the degradation of aggregation-prone Htt-ex1 {#s3a}
-----------------------------------------------------------------------------

Generation of aggregated over soluble species is essential for Htt toxicity. To understand the effect of HDAC3 inhibition on the amount of Htt aggregates, we used stable HeLa cell lines that express Htt exon-1 (Htt-ex1) with various pQ lengths ([Table S2](#pone.0111277.s007){ref-type="supplementary-material"}) [@pone.0111277-Iwata3]. Three HDAC3 inhibitors had no effect on Htt-ex1 Q25 (C1 cells) and Htt-ex1 Q46 (C2 cells) ([Figure S1](#pone.0111277.s001){ref-type="supplementary-material"}), increased soluble Htt-ex1 Q72 to some extent, and significantly increased insoluble Htt-ex1 Q72 (C3 cells), and also significantly increased both soluble and insoluble Htt-ex1 Q97 (C4 cells) ([Fig. 1A--F](#pone-0111277-g001){ref-type="fig"}). None of the HDAC3 inhibitors showed a significant effect on Htt-ex1 mRNA levels ([Fig. 1G, H](#pone-0111277-g001){ref-type="fig"}); therefore, we concluded that HDAC3 inhibition affected the intracellular Htt-ex1 aggregate degradation pathway.

![HDAC3 inhibitors increase both soluble and insoluble Htt-ex1s but prefer long Qs.\
**A--F:** Indicated amounts of HDAC3 inhibitors T247, T326, and T130 were added to C3 or C4 HeLa stable cell lines. The cells were harvested after 48 h of incubation and the fraction soluble in 1% Triton X-100 was subjected to western blot analysis (A--C). The insoluble fraction was subjected to a filter trap assay (D--E). Signals were detected by anti-GFP antibodies and chemiluminescence. Signal intensities were normalized to no inhibitors (DMSO only)  = 100. The band from an anti-actin blot is shown as a loading control. Panels A, D: T247, B, E: T326, C, F: T130. \*P≤0.05, \*\*P≤0.01, \*\*\*P≤0.001 vs. 0×IC50 by ANOVA with multiple comparisons. N = 3. **G, H:** HDAC3 inhibitors do not increase Htt-ex1 mRNA levels. Effect of HDAC3 inhibitors on Htt-ex1 expression levels were assayed by qPCR. G: internal control  =  GAPDH, H: internal control  =  ACTB. Expression level was normalized to no inhibitor = 1.0. There was no statistical significance by ANOVA with multiple comparisons. N = 3.](pone.0111277.g001){#pone-0111277-g001}

HDAC3 activity reduces the amount of nuclear Htt-ex1 aggregates {#s3b}
---------------------------------------------------------------

To confirm that HDAC3 activity was important for the results of the previous experiments, and to see the effect of HDAC3 inhibition independently in the cytoplasm and the nucleus, we first generated plasmid constructs with either wild-type HDAC3 or a deacetylase activity-defective HDAC3 mutant. The key amino acids for HDAC3 activity were predicted to be the 166^th^ and 168^th^ aspartates; therefore, we mutated these amino acids to alanine, which successfully resulted in the loss of deacetylase activity ([Fig. 2A](#pone-0111277-g002){ref-type="fig"}). We then transfected these constructs into cell lines that stably express Htt-ex1 Q72 in the cytoplasm (E3 cells) or in the nucleus (N3 cells) and observed a significant decrease of biochemically ([Fig. 2B, C](#pone-0111277-g002){ref-type="fig"}) or microscopically ([Fig. 2D--G](#pone-0111277-g002){ref-type="fig"}) aggregated nuclear Htt-ex1 in accordance with HDAC3 activity. We also generated an HDAC3 knockdown construct that was able to reduce the amount of HDAC3 by 70% ([Fig. 2H](#pone-0111277-g002){ref-type="fig"}). We transfected these constructs into E3 and N3 cells and observed a significant increase of aggregated Htt-ex1 only in the N3 cells upon HDAC3 knockdown ([Fig. 2I, J](#pone-0111277-g002){ref-type="fig"}). These results show that HDAC3 activity negatively affected the amount of nuclear Htt-ex1 aggregates.

![Effect of HDAC3 on cytoplasmic and nuclear Htt aggregates.\
**A:** Aspartate at the 166^th^ and 168^th^ amino acid of HDAC3 is crucial for its activity. An empty plasmid (--), FLAG tagged wild-type (wt), or D166A + D168A mutant (DA) of HDAC3 were overexpressed in 293T cells. After immunoprecipitation using anti-FLAG antibodies, pan-histone deacetylase activity was measured by fluorometric analysis. \*P≤0.05 vs. empty plasmid by ANOVA and multiple comparisons. N = 3. Anti-FLAG and anti-actin western blots from cell lysates are shown below. **B--C:** HDAC3 overexpression reduces nuclear Htt-ex1 aggregates. Empty vector (--), FLAG-tagged wild-type or DA mutant HDAC3 were transfected to E3 and N3 cells. Amount of aggregate measured by filter trap assay are shown in B and C. \*significant against -- and DA by ANOVA and multiple comparisons. N = 3. **D--G**: Empty vector (--), FLAG-tagged wild-type or DA mutant HDAC3 were transfected to E3 and N3 cells. Cells harboring inclusion bodies are counted and their fraction in total cells was plotted in 2D and E. Representative GFP images of low powered magnification fields are shown in 2F and 2G. \*significant against -- and DA by ANOVA and multiple comparisons. **H:** HDAC3 shRNA reduces HDAC3 amount by 70%. Molecular weight markers are shown at the left side. **I--J:** HDAC3 knockdown increases nuclear aggregates. HDAC3 shRNA was transfected into E3 or N3 cells and the 1% TritonX-100 insoluble fraction was subjected to filter trap assay. \*P = 0.0003 by *t*-test. N = 3.](pone.0111277.g002){#pone-0111277-g002}

We then used HDAC3 specific inhibitors on the E3 and N3 cells. The results clearly showed that the HDAC3 inhibitors specifically increased the amount of nuclear Htt-ex1 aggregates and had no effect on cytoplasmic Htt-ex1 aggregates. Non-specific HDAC inhibitors TSA and SAHA had very little to no effect on the amount of either cytoplasmic or nuclear Htt-ex1 aggregates ([Fig. 3A](#pone-0111277-g003){ref-type="fig"}). HDAC3 inhibitors decreased soluble cytoplasmic Htt-ex1 ([Fig. 3B](#pone-0111277-g003){ref-type="fig"}).

![HDAC3 inhibitors have differential effects on cytoplasmic and nuclear Htt-ex1 aggregates.\
**A:** HDAC3 inhibitors increase aggregated nuclear Htt-ex1. For filter trap analysis, three independently made insoluble fractions were analyzed on one single membrane; thus, there are error bars shown for 0×IC50s. \*P≤0.05, \*\*\*P≤0.001 vs. each 0×IC50 by ANOVA and multiple comparisons. N = 3. **B:** HDAC3 inhibitors reduce cytoplasmic soluble Htt-ex1s. The effect of various HDAC inhibitors on 1% TritonX-100 soluble cytoplasmic Htt-ex1s. Indicated amount of HDAC inhibitors were added to E3 (cytoplasmic) or N3 (nuclear) cells for 48 h. Quantitated band intensity was normalized to each band without HDAC inhibitors (0×IC50); thus, there are no error bars. \*\*P≤0.01, \*\*\*P≤0.001 vs. each 0×IC50 by ANOVA with multiple comparisons. N = 3. Anti-actin blots are shown for loading control.](pone.0111277.g003){#pone-0111277-g003}

HDAC3 preferably binds to nuclear pQs {#s3c}
-------------------------------------

HDAC3 was previously reported to associate with pQ-containing proteins [@pone.0111277-Bardai1], [@pone.0111277-Duncan1]. We tested whether this association was a direct one using a GST pull-down assay. From sonicated lysates of E1, E2, E3, N1, N2, and N3 cells, GST-HDAC3 successfully pulled down both NES- and NLS-attached Htt-ex1s ([Fig. 4A](#pone-0111277-g004){ref-type="fig"}). We then performed immunoprecipitation using E1, E3, N1, and N3 cell lysates transfected with FLAG-tagged HDAC3. Interestingly, FLAG-tagged HDAC3 preferably co-immunoprecipitated with nuclear Htt-ex1s ([Fig. 4B](#pone-0111277-g004){ref-type="fig"}) and HDAC3 exhibited increased binding to 25Qs over 72Qs. This was confirmed with immunocytochemistry. Nuclear inclusion bodies in N3 cells displayed positive signals for endogenous HDAC3; however, cytoplasmic inclusion bodies from E3 cells were negative for HDAC3 ([Fig. 4C](#pone-0111277-g004){ref-type="fig"}). Thus, we concluded that HDAC3 binds to Htt-ex1s preferably inside the nucleus.

![HDAC3 preferably binds to nuclear Htt with long Qs.\
**A:** GST-HDAC3 binds directly to either cytoplasmic or nuclear Htt-ex1. GST pull-down assay of E1, E2, E3 (cytoplasm), and N1, N2, N3 (nuclear) HeLa cell lysates is shown. Pulled-down fraction was analyzed by anti-GFP or GST antibodies. \*Non-specific band. **B:** HDAC3 immunoprecipitates almost exclusively with nuclear Htt-ex1s. E1, E3 (cytoplasm), N1, and N3 (nuclear) HeLa cells were transfected with FLAG-tagged HDAC3 and those lysates were immunoprecipitated with anti-FLAG antibodies immobilized to protein G agarose beads. The pre-IP fraction and the IPed fraction were analyzed using anti-FLAG or anti-GFP antibodies. Molecular weight markers are shown on the left. **C:** HDAC3 associates exclusively with nuclear inclusion bodies. E3 or N3 cells were fixed and stained with anti-HDAC3 antibodies and visualized by Alexa 546 conjugated secondary antibodies. Arrowheads: inclusion bodies with no HDAC3 signals associated. Arrows: HDAC3 signal-associated inclusion bodies. Bar = 20 µm.](pone.0111277.g004){#pone-0111277-g004}

HDAC3 inhibition caused by Htt-ex1 aggregates affects nuclear proteasome activity {#s3d}
---------------------------------------------------------------------------------

As shown in [Figure 1](#pone-0111277-g001){ref-type="fig"}, specific HDAC3 inhibitors increased Htt-ex1. It was either possible that HDAC3 inhibited its degradation or promoted its stability. Therefore we tested if HDAC3 inhibitors had any direct effect on the function of proteasomes, the major degradation machinery in the cell. We added HDAC3 inhibitors to HeLa cells and measured proteasome activity using a fluorometric assay. HDAC3 inhibitors impaired proteasome activity by 10--30%, even at a very low dose, with no further effect at higher doses ([Fig. 5A--C](#pone-0111277-g005){ref-type="fig"}). We then determined if these inhibitors had different effects on cytoplasmic and nuclear proteasome activity. As expected, HDAC3 inhibitors impaired nuclear proteasome activity but had no effect on cytoplasmic proteasomes ([Fig. 5D, E](#pone-0111277-g005){ref-type="fig"}). HDAC3 inhibitors did not directly inhibit proteasome activity ([Fig. 5F](#pone-0111277-g005){ref-type="fig"}). HDAC3 inhibitors did not affect the localization of the proteasome ([Fig. S2](#pone.0111277.s002){ref-type="supplementary-material"}), the acetylation level of Htt-ex1s or the proteasome ([Fig. S3A, B](#pone.0111277.s003){ref-type="supplementary-material"}, [S4A](#pone.0111277.s004){ref-type="supplementary-material"}). HDAC3 inhibitors did not affect the expression levels of HSP70, a chaperone that facilitates Htt-ex1 degradation by the proteasome ([Fig. S4B](#pone.0111277.s004){ref-type="supplementary-material"}). HDAC3 also does not bind to the proteasome and act as a scaffold between Htt-ex1 aggregates and the proteasome ([Fig. S5](#pone.0111277.s005){ref-type="supplementary-material"}). Thus, we speculated that proteasome function was impaired through an indirect pathway and hypothesized that the Htt-ex1 aggregates themselves affected HDAC3 activity. Therefore, we measured HDAC3 activity in the presence or absence of cellular aggregates. We showed that HDAC3 activity was suppressed by the overexpression of aggregate-prone Htt-ex1, regardless of its cellular localization ([Fig. 6A](#pone-0111277-g006){ref-type="fig"}). This effect was relatively specific to HDAC3 since pan-HDAC activity was not significantly affected by the same Htt-ex1 overexpression ([Fig. 6B](#pone-0111277-g006){ref-type="fig"}).

![HDAC3 inhibitors affect proteasome activity.\
**A--C:** HDAC3 inhibitors inhibit proteasome activity. Three different HDAC3 inhibitors were added to HeLa cell cultures at the indicated concentrations. After 48 h of incubation, the proteasome activity of 5 µg total protein in a PBS lysate was measured using a fluorometric assay. A: T247, B: T326, C: T130. \*P≤0.05 vs. each 0×IC50 by ANOVA with multiple comparisons. N = 3. **D, E:** HDAC3 inhibitors show a differential effect on cytoplasmic and nuclear proteasome activity. After incubating with the indicated amount of HDAC3 inhibitors for 48 h, cells were fractionated and the proteasome activity of 5 µg total protein from each fraction was independently measured. \*P\<0.05, \*\*P\<0.001 0×IC50 vs. 5×IC50 by *t*-tests N = 3. **F:** HDAC inhibitors have little or no direct proteasome inhibitory effect. Total protein (5 µg) from a HeLa cell PBS extract was subjected to the proteasome activity assay. During the incubation period for activity measurement, the indicated amount of HDAC inhibitors, or lactacystin as positive control, were added. Relative activity was shown with DMSO = 100%. \*\*\*P≤0.001 vs. DMSO by ANOVA with multiple comparisons. N = 3.](pone.0111277.g005){#pone-0111277-g005}

![Htt aggregates inhibit HDAC3 activity.\
**A:** HDAC3 activity is suppressed upon either cytoplasmic or nuclear Htt-ex1 expression. After two days of transfection in 293T cells, the HDAC3 activity of cellular lysates was measured using a fluorescence-based assay. **B:** Htt-ex1 overexpression does not alter pan-HDAC activity. After two days of transfection in 293T cells, the pan-HDAC activity was measured using a fluorescence-based assay.](pone.0111277.g006){#pone-0111277-g006}

Discussion {#s4}
==========

Role of HDAC3 in pQ disease pathogenesis {#s4a}
----------------------------------------

The effect of HDAC3 inhibition in studies using pQ model animals has been controversial. While injection of an HDAC3 inhibitor into R62 mice seems to be effective in restoring the expression of genes that have been compromised by HD [@pone.0111277-Jia1], the genetic knockdown of HDAC3 did not alter the phenotypic and pathological appearance of the same mice [@pone.0111277-Moumne1]. The latter study used HDAC3 hemizygote knockdowns that only achieved 10--20% reduction in the amount of HDAC3 at a protein level possibly being an insufficient inhibition. This discrepancy could also be due to specificity of the HDAC3 inhibitor used in the earlier study. Another possibility is that HDAC3 could have a particular function in HD pathogenesis, such that its inhibition might have multiple effects on the pathway and make the results difficult to interpret.

Then how is HDAC3 involved in HD pathogenesis? Previous studies have emphasized that HDAC3 itself is a neurotoxic protein that was neutralized by normal Htt when they are bound to each other. Since it prefers Htt with short Q as a binding partner ([Figure 4B](#pone-0111277-g004){ref-type="fig"}), unbound HDAC3 in the presence of long Q Htt exhibits its neurotoxicity [@pone.0111277-Bardai1] [@pone.0111277-Bardai2]. HDAC3 interacts with ataxin-7, another nuclear pQ protein, and stabilizes its post-translational modification [@pone.0111277-Duncan1]. HDAC3 is a class I HDAC that is abundantly expressed in the brain [@pone.0111277-Broide1]. It is known to associate with and to be activated by a nuclear receptor co-repressor in order to control circadian metabolic physiology [@pone.0111277-Alenghat1]. HDAC3 is also thought to have cytoplasmic function upon axonal injury [@pone.0111277-Cho1], but its precise role is still unclear. The molecule has both a nuclear localization signal and a nuclear export signal [@pone.0111277-Yang1], suggesting that it has different roles in the cytoplasm and the nucleus.

Our results indicate that HDAC3 inhibition could be beneficial in accelerating cytoplasmic Htt-ex1 pQ aggregation, but it inhibits the degradation of nuclear Htt-ex1 aggregates. In our study, we could not find an ideal dosage of HDAC3 inhibitors that would accelerate cytoplasmic aggregate degradation and not affect nuclear aggregate degradation, indicating that the therapeutic window for using HDAC3 inhibitors to treat HD could be very narrow, if it exists.

A previous report showed that HDAC inhibitors targeting HDAC1/3 prevent the formation of Htt aggregates in the brains of N171-82Q HD transgenic mice [@pone.0111277-Jia2]. It is possible that this effect could be mediated by HDAC1 since acetylation of Htt can promote its autophagic clearance [@pone.0111277-Jeong1]. Thus the effect of HDAC3 could differ between cytoplasmic and nuclear aggregates.

Indirect proteasome inhibition by Htt-ex1 aggregates could be linked to HDAC3 {#s4b}
-----------------------------------------------------------------------------

Our results clearly indicated that HDAC3 inhibitors impaired nuclear proteasome activity. Since direct incubation of the proteasome activity assay with HDAC3 inhibitors did not show any decrease in activity, this inhibition was determined to be an indirect effect of the inhibitors. Although there could be some non-specific background protease activity that was detected by our method, our results ([Fig. 5F](#pone-0111277-g005){ref-type="fig"}) show that this background activity could be negligible. We sought the mechanism of the inhibitory pathway and showed that it did not result from changes in the acetylation of the substrate Htt-ex1s or the proteasome itself. The localization of the proteasome was not affected by the inhibitors. In addition, we showed that HSP70, a chaperone that accelerates Htt degradation, was not affected by HDAC3 inhibitors. Thus, proteasome impairment was not a direct effect of HDAC3 inhibitors, but there was an indirect signaling pathway through HDAC3 to be discovered. We measured HDAC3 activity upon Htt-ex1 transfection and showed that both cytoplasmic and nuclear Htt-ex1 aggregates reduced endogenous HDAC3 activity.

In cellular models of HD, it has been reported that proteasome function has been impaired [@pone.0111277-Bence1]. This inhibition is not a direct effect of the aggregates but rather an indirect effect where the full players are still unknown [@pone.0111277-Hipp1]. This inhibitory effect bi-directionally crosses the nuclear envelope [@pone.0111277-Bennett1], that is, nuclear aggregates inhibit cytoplasmic proteasome activity and vice versa. The mechanism of this phenomenon is unknown but our results suggest that at least nuclear proteasome function is impaired through the inhibition of HDAC3 by Htt-ex1s.

Our findings clearly demonstrate that HDAC3 inhibition is not a reasonable therapeutic target for HD. However, our results can lead to a better understanding of the regulation of proteasome function in different cellular compartments and provide new insight into proteasome inhibition by aggregated proteins.

Supporting Information {#s5}
======================

###### 

**HDAC3 inhibitors do not have any effect on soluble Htt-ex1s.** C1 and C2 cells were incubated with the indicated amount of HDAC3 inhibitors for 48 h. The fractions soluble in 1% Triton X-100 from the filter trap assay were subjected to western blot analysis. There were no detectable filter trapped aggregates in these cells. Molecular weight markers are shown at the left side.

(TIF)

###### 

Click here for additional data file.

###### 

**The amount of 20S proteasome in each cellular compartment was not affected by HDAC3 inhibition HeLa cells were incubated with indicated amount of HDAC3 inhibitors for 48** **h, and nuclear and cytoplasmic fractions were extracted.** HSP90 and Sp1 blots are shown for the purity of the fractions. There was a slight increase of cytoplasmic HDAC3 and a slight decrease of nuclear HDAC3 upon addition of inhibitors. Molecular weight markers are shown at the left side.

(TIF)

###### 

Click here for additional data file.

###### 

**A, B:** HDAC3 inhibitor does not alter the acetylation level of Htt-ex1s. E3 (NES) or N3 (NLS) cells were incubated with indicated amount of T326 for 48 h. Cells were lysed and immunoprecipitated by anti-GFP antibodies immobilized to protein G agarose beads. After a rigorous wash, they were run on SDS-PAGE and western blotted by anti-GFP (upper panel) or anti-acetylated lysine antibodies (lower panel). \*are non-specific bands.

(TIF)

###### 

Click here for additional data file.

###### 

**A:** HDAC3 inhibitor does not affect the acetylation of the proteasome. The 293T and HeLa cells were incubated with indicated HDAC inhibitors at 10×IC50, and the proteasome was extracted from sonicated cell lysates. Purified proteasomes were analyzed by western blotting using anti-20S proteasome antibody (upper panel) or anti-acetylated lysine antibodies (lower panel). The "beads" lane indicates the negative control without any cell lysates. \*are non-specific bands. **B:** HDAC3 inhibitors do not affect the amount of HSP70 chaperone. Indicated amounts of HDAC3 inhibitors were added to HeLa cells and the cell lysates were analyzed by western blotting by anti-HSP70 antibody. Anti-actin blot is shown for loading control. Molecular weight markers are shown at the left side.

(TIF)

###### 

Click here for additional data file.

###### 

**HDAC3 does not bind to the proteasome.** Proteasome was purified from extracts of HeLa cells sonicated in PBS and analyzed with anti-HDAC3 or 20S proteasome antibody. Molecular weight markers are shown at the left side.

(TIF)

###### 

Click here for additional data file.

###### 

**IC50 of HDAC3 inhibitors used in this study and previously reported studies.**

(DOCX)

###### 

Click here for additional data file.

###### 

**Name of HeLa cell lines used in this study.**

(DOCX)

###### 

Click here for additional data file.
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